A numerical simulation on a segmented arc heater which is used to generate high thermal flow environments for the test of heat shield materials, were carried out. In this numerical prediction work, targets level of input power class, minimum enthalpy at the exit of the heater, and maximum pressure inside the heater were set up as 400 kW, 20 MJ/kg, and 4 bar, respectively. In order to produce uniform temperature and velocity characteristics of thermal flow for a successful test, effects of design and operation variables on the thermal plasma characteristics were analyzed. Number of the segments packs and diameter of the constrictor were changed 1 ~ 3 (105 ~ 315 mm) and 12 ~ 20 mm, respectively. As the torch operating variables, arc current was changed from 300 A to 500 A and plasma forming gas flow rate was varied from 6 g/s to 14 g/s. Arc current was adjusted to achieve about 400 kW according to constrictor geometry at fixed gas flow rate of 10 g/s, and optimal design conditions for uniform radial temperature and low pressure profiles with Mach number 1 at the supersonic throat were expected when the constrictor length and diameter were 315 mm and 16 mm, respectively. From the numerical results, diameters of the supersonic nozzle exit which determines test target size were calculated as 55.5 mm and 82.4 mm in the cases of Mach number 2 and 3, respectively.
Introduction
Thermal plasma troches have been used to test heat protection materials or components those are used in the extremely high thermal flow environment like as the reentry vehicle (1) (2) (3) .
Among various plasma torches, the segmented arc heater with a high input power of several tens MW operates in a relatively stable arc discharge with an excellent repeatability, though it is a complex unit with many components and critical alignment (1) . In the present work, an arc heater with a relatively low input power about 400 kW was numerically analyzed for the purposed of a basic design study of the segmented arc heater. Generally, a large volume, sufficiently high enthalpy and Mach number at the exit of the arc heater with a stable operation are required in the test of thermal protection system (TPS) components. In order to generate those characteristics with the segmented arc heater, numerical simulations on the thermal plasma properties inside the arc heater are required under various conditions. Because the thermal flow properties inside the plasma torch are strongly affected by design and operation variables. Therefore, fitted conditions for the segmented arc heater with 400 kW level were analyzed in the present numerical work. 
Nomenclature

Numerical Simulation Method
The arc discharge and the thermal plasma jet generated in the segmented arc heater was simulated by using a magnetohydrodynamic (MHD) code, DCPTUN, which has been developed in the author's laboratory (4) (5) (6) (7) (8) (9) . For the numerical simulation, the governing fluid equations consisting of mass, momentum and energy conservation, were solved under the steady-state, two-dimensional, and axis-symmetric conditions. Although the arc discharge is an inherently three-dimensional time transient phenomena, an axis-symmetric steady-state modeling on thermal plasma jet have been in good agreement with experimentally measured results (7) (8) (9) . Because both the constricted arc column and the enhanced mixing effects of the turbulent flow are responsible for the gradual relaxation of the time transient three-dimensional structures of plasma fields into the steady-state two-dimensional axis-symmetric fields (9) . Furthermore, both arc spots on anode and cathode surfaces are almost fixed in axial direction due to segments structure, and they rotate azimuthally because of the magnetic body force induced by the arc discharge. In order to include radiation effects, optically thin plasma with the net emission coefficient in a local thermodynamic equilibrium (LTE) state was assumed (10) . Since the k-ε turbulence model has been widely used for a numerical modeling for the high velocity arc plasma jet, it was also incorporated to include turbulence effects inside the arc heater (4) (5) (6) (7) (8) (9) (10) (11) .
Electromagnetic properties such as current density and magnetic field are important to Vol. 6, No. 2, 2011 simulate thermal plasma characteristics, because heat and momentum transfers from the constricted arc column to the plasma forming gas are largely affected by Joule heating and Lorentz force. Therefore, distribution of the arc current density, j was obtained from the current continuity equation, along with the generalized Ohm's law. The combination of these two equations results in an equation for the electric potential, φ , as follow:
where, σ is electric conductivity and v is plasma velocity calculated in the code, respectively. Including the electric conductivity, thermodynamic and transport properties such as density, specific enthalpy, viscosity, thermal conductivity, and net emission coefficient of air which was supplied as the plasma forming gas were used from the high temperature thermal plasma date in Ref. (12) . In the segmented arc heater, external axial magnetic fields are commonly applied on the electrodes region to reduce their erosions by dispersing an enormous heat load of the arc spot azimuthally. However, the arc rotation driven by the external magnetic field was not accounted for the simplicity of the calculation, because the axis-symmetric condition which reflects uniform azimuthal distributions of the arc and heat load was assumed in the modeling. On the other hands, the self-induced magnetic field, B developed by the arc current was considered to include axial and radial momentum transfers caused by Lorentz force. The magnetic field, B can be found from the equation of
by using the magnetic vector potential, A which is determined from the following Ampere's law:
where, 0 μ is the magnetic permeability of free space. , M, and γ are area at the Laval nozzle exit, area at the supersonic throat, Mach number, and isentropic exponent which was analytically calculated in Ref. (13) .
The plasma forming gas of air in room temperature is supplied to torch through the gaps with 1 mm placed between each segments. Both electrode of cathode and anode are divided into three parts in the axial direction, accordingly they have each two air injection ports as shown in Fig. 1 . On the other hands, the constrictor part has different numbers of air injection ports according to its length, because it has the gaps in every 15 mm in the axial direction. Moreover, there are two additional air injection ports between the constrictor and both of electrodes. In the present work, the same pressure of the injected air was assumed. Therefore, the total air flow rate was distributed to all injection ports according to the diameter at the axial position of air introduction region due to the same gap size of 1 mm. Although all parts of the torch are cooled with water, they are exposed to severe heat and radiation transfer. Therefore, a fixed temperature of 1,000 K is use as a wall boundary condition which has shown a good agreement with experimentally measured thermal efficiency of the torch in the previous numerical and experimental work (6, 9) . Although the electromagnetic properties such as electric potential and magnetic fields are calculated in the code as mentioned in Eq. (1) and Eq. (2), the initial electric conductivity is required, because non-conductive cold air is used. For this reason, the initial temperature was set as 1,000 K to give a small scale of the electric conductivity for a stable conservation of the simulation at the initiatory stage.
In the present work, effects of the operation variables were analyzed in the ranges of 300 ~ 500 A for the arc current (I) and 6 g/s ~ 14 g/s for the plasma gas flow rate of air (G), respectively. Along with the operating conditions, effects of the design variables on the thermal plasma characteristics were also investigated. Length (L) and diameter (D) of the constrictor were changed from 12 mm to 20 mm and from 105 mm to 315 mm, respectively. Since the unit length of the segments pack was 105 mm, the length of the constrictor was determined by the number of segments packs from 1 to 3.
Results and Discussion
In the numerical results according to various design and operation conditions, thermal efficiency of the segmented arc heater with 400 kW level was around 60%. Therefore, the flow rate of plasma forming gas has to be lower than 12 g/s, in order to achieve a high enthalpy over 20 MJ/kg at the torch exit. Although a low gas flow rate had an effect to increase the plasma enthalpy, a steep temperature gradient in the radial direction and large heat flux into the inner wall of the segments was expected as shown in Fig. 2 . Since the plasma forming gas of air is injected through the gaps between each segment, thermal plasma in high temperature is cooled by the injected air and a wave like temperature distributions are shown near the wall region. In these temperature distributions, reduced heat damage on the segments is expected in a relatively higher gas flow rate due to a cooling effect of air. Therefore, a fixed gas flow rate of 10 g/s was considered in the following work. Fig. 3 Segmented arc heater performance according to the arc current from 300 A to 500 A at fixed other conditions of G=10 g/s, D=14 mm, L=210 mm, and d=14 mm Input power was enhanced with arc current increase as shown in Fig. 3 due to a hardly changed arc voltage at fixed air flow rate and constrictor geometry. Although a high arc current cause a fast erosion rate of electrodes, the segmented arc heater have to operate over 400 A to achieve over 20 MJ/kg at fixed air flow rate, constrictor diameter, constrictor length, an torch exit diameter of 10 g/s, 14 mm, 210 mm, and 14 mm, respectively. In this way of numerical analysis on the torch performance, the high enthalpy condition was founded in various operating and design conditions.
As design variables, effects of diameter and length of constrictor on the torch performance were also analyzed to find out the relationship between design condition and thermal plasma characteristics. Input power and plasma enthalpy were proportional to constrictor length and inversely proportional to constrictor diameter. It is because that the arc voltage is directly affected by its length, and it is determined by constrictor length in the segmented arc heater. On the other hand, a small size diameter of the constrictor compresses the arc channel more effectively with cold plasma forming gas which is injected in the radial direction. For this reason the electric resistivity and the arc voltage are increased in Fig. 4 Temperature distributions according to the constrictor diameter (D) at fixed other conditions of L=210 mm, I=400 A, G=10 g/s, and d= 16 mm the small constrictor diameter case. As shown in Fig. 4 , a small diameter of the constrictor enhances Joule heating and temperature field by compressing the arc column. Since the shortest constrictor length with 1 pack of segments could not achieve the target input power of 400 kW, 210 mm and 315 mm were considered as constrictor length.
In order to achieve 400 kW and 20 MJ/kg with the plasma gas flow rate of 10 g/s, 3 kinds of conditions were suggested according to the arc current and the constrictor geometry as listed in the Table 1 . The torch exit diameter does not have a significant effects on the torch performance such as input power and enthalpy at the fixed other conditions. In a larger constrictor diameter case at the fixed constrictor length of 210 mm, higher arc current is required than the case of smaller diameter to generate a similar input power level due to a weaker arc constriction and lower arc voltage. However, the larger diameter produces more enhanced enthalpy at the torch exit than the smaller diameter, due to a reduced heat loss into the segments inner surface. Since a longer constrictor increase the arc voltage, the long constriction length of 315 mm has the largest constrictor diameter to produce a similar input power level about 400 kW.
In the selected conditions, radial profiles of Mach number, temperature, and pressure at the torch exit are compared in Figs. 5~7. Regardless of arc current and constrictor geometry, radial profiles of Mach number of the thermal plasma jet at the torch exit are around . Gas enthalpy is determined by its temperature under LTE condition like as thermal plasma. In the case of air, 20 MJ/kg is relevant to 6,600 K (12, 14) , and Fig. 6 shows that air temperature profiles at the supersonic throat surpass the desired value. The maximum internal pressure does not exceed 4 bar in the suggested conditions as shown in Fig. 7 . Among the suggested conditions, the longest constrictor length produces most uniform temperature profile at the supersonic throat with the lowest pressure. Therefore, a stable operation of the segmented arc heater with a uniform heat load on the surface of the thermal protection system is expected in the longest constrictor length of 315 mm with the 
Conclusion
The characteristics of thermal plasma jet in the segmented arc heater were successfully analyzed by using the self-developed MHD computational code. In order to achieve the target power and enthalpy with an excellent property of the thermal plasma jet for a TPS test, it is required that the relatively long length of 315 mm and the large diameter of 16 mm for the constrictor as design variables. And for the operation variables, the arc current of 400 A was predicted at the fixed plasma gas flow rate of 10 g/s in the optimal design condition of the segmented arc heater with 400 kW level.
